Abstract: Celiac disease (CD), a common heritable chronic inflammatory condition of the small intestine caused by permanent intolerance to gluten/gliadin (prolamin), is characterized by a complex interplay between genetic and environmental factors.
Introduction
Celiac disease (CD), a common heritable chronic inflammatory condition of the small intestine caused by permanent intolerance to gluten/gliadin (prolamin), is characterized by a complex interplay between genetic and environmental factors [1, 2] . The prolamin fractions in cereal grains (gliadin in wheat and similar alcohol-soluble proteins in other cereals, secalin in rye, hordein in barley) are the environmental stimuli responsible for the development of intestinal damage associated with CD [2, 3] . The classical presentation of CD as a pediatric predominant disorder, is characterized by small-intestinal villous atrophy and crypt hyperplasia [4, 5] . However especially in adult-onset patients, a preserved mucosal architecture characterized by dense lymphocytic infiltration, with no villous atrophy or crypt hyperplasia can also be observed.
An interplay between innate and adaptive immune responses to ingested gluten [5, 6] is involved in CD. Developments in proteomics have provided an important contribution to the understanding of the biochemical and immunological aspects and the mechanisms involved in the toxicity of prolamins [7] . It has been demonstrated that the gliadin sequence contains regions which play a special role in CD pathogenesis: exert a cytotoxic activity or immunomodulatory activity. Other regions trigger oxidative stress and induce the release of pro-inflammatory cytokines [8, 9] . As a consequence, elimination of gluten from the diet (gluten free diet, GDF) results in a clinical improvement in CD patients.
A previous celiac disease genome-wide association study (GWAS) demonstrated risk variants in the human leukocytes antigen (HLA) region [10, 11] . HLA-DQ2 and HLA-DQ8 risk alleles are necessary, but not sufficient, for celiac disease development. Recent studies have shown that 6% of the European and USA population do not present these alleles [12, 13] . Therefore other no-HLA risk genes need to be investigated.
Several dietary components exert anti-inflammatory and antioxidant roles and have a protective effect on intestinal epithelium [14] , therefore their adoption could contribute to preserving intestinal barrier integrity and play a protective role against the toxicity of gliadin peptides in CD subjects [15] . In recent years, the creation of the two research fields -Nutrigenomics‖ and -Nutrigenetics‖, has enabled the elucidation of some interactions between diet, nutrients and genes. -Nutrigenetics‖ refers to genetically determined differences in reactivity of individuals to specific foods, while -Nutrigenomics‖ refers to the functional interactions of food with the genome. The aim of the review is to summarize the approach of -Omic‖ sciences to elucidate the complex relationships between dietary factors, genetic polymorphisms and the gut structure as well as the functions in celiac disease.
Molecular Mechanisms on the Toxic Effects of Gluten
Usually food proteins are degraded into small peptides and aminoacids by peptidases before they can be transported across the epithelium. The high proline (Pro or P) content in gliadin and similar proteins of wheat and related cereals [6] , renders these proteins resistant to complete proteolytic digestion in the human intestine. Therefore toxic oligopeptides with high concentration of proline and glutamine (Gln or Q) are accumulated in the small intestine and can exert toxic effects in genetically susceptible subjects [16] .
Figure 1.
Intestinal epithelial damage in celiac disease: role of -toxic‖ and -immunogenic‖ peptides. -Toxic‖ peptides in intestinal cells induce tight junction (TJ) dysfunctions and several cytotoxic effects such as apoptosis and altered cell differentiation. Most of these effects are mediated by increased oxidative stress induced by gluten peptides in enterocytes. These alterations reflect in an impairment of the epithelial barrier and increased permeability. As a consequence, both -toxic‖ and -immunogenic‖ peptides of gliadin pass through the enterocytes leading to activation of the immune response (native and adaptive) contributing to cell damage and villous atrophy in celiac disease (CD) subjects. LPMC, lamina propria mononuclear cells; tTG, Tissue transglutaminase.
Different gluten peptides are involved in the CD process [8, 9] . Computer modeling studies have demonstrated that two groups of biologically-active peptides derive from α-gliadin. The serine-containing group of peptides appears to be essentially cytotoxic, whilst the tyrosine-containing group has the capacity to trigger immunological reactions in CD patients [17] . Both types of activity in celiac disease are possible if there is defective digestion of the active peptides. As far as concerns the serine-containing peptides (Ser or S), their activity is linked to the presence of PSQQ and QQQP motifs. The tyrosine-containing peptides (Tyr or Y), sequences such as QQPY and/or QPYP are associated with immunological activity and hence toxicity [7] . Some examples of peptides of α-gliadin that have been widely investigated are P31-43, P31-49, P44-55, P57-68, P57-89, and P63-76 ( Figure 1 ) [8] .
Imunomodulatory Effects of Gluten Peptides
The -immunogenic‖ peptides such as P57-68, P57-89, and P63-76 cause an adaptive response that proceeds through their binding to HLA-DQ2 or -DQ8 of antigen presenting cells and the subsequent stimulation of T-cells [18, 19] (Figure 1 ). The repetitive presence of these residues makes them a preferred substrate of the enzyme tissue transglutaminase (tTG), whose main function is to catalyse the covalent and irreversible cross-linking of a glutamine residue in glutamine-donor proteins with a lysine residue in glutamine-acceptor proteins, which results in the formation of DQ--gluten‖ peptide complexes [20] . However, apart from cross-linking its substrates, tTG can also hydrolyse peptide-bound glutamine to glutamic acid either at a lower pH or when no acceptor proteins are available, a process leading to an enhanced immunogenicity of gluten peptides [1, 6] (Figure 1 ). The DQ--gluten‖ peptide complexes activate DQ2 or DQ8 restricted T-helper cells that proliferate and produce mainly Th1-type cytokines, particularly interferon-gamma (IFN-γ). The secretion of Th1 cytokines activates the release of enzymes such as matrix metalloproteinases that can damage the intestinal mucosa, with a loss of villous structure [21] . Th1 cytokines increase epithelial permeability which in turn will increase the passage of gluten peptides and peptide binding to DQ2 and DQ8 molecules on antigen-presenting cells, leading to a chronic feedback of the inflammatory process as long as gluten peptides are present in the intestinal lumen ( Figure 1 ). The interactions between toxic gluten peptides and specific cells in lamina propria such as epithelial cells, macrophages and dendritic cells induce an innate immune response by up-regulating the expression of different mediators such as interleukin 15 (IL-15) with subsequent massive increase of intraepithelial lymphocytes [22] . These events contribute to the damage of the mucosal matrix [23] (Figure 1 ). In particular IL-15, a major mediator of the innate immune response is involved in proliferation of crypt enterocytes, an early alteration of CD mucosa causing crypts hyperplasia.
No-Immune Mediated Cytotoxicity of Gluten: Effect on Oxidative Stress and Gene Expression
In addition to -immunogenic‖ effects, gliadin peptides may directly affect intestinal cell structure and functions as demonstrated in vitro on cultured cells and intestine biopsies [24, 25] . The effects exerted by -toxic peptides‖ P31-43, P31-49, P44-55 have been mainly investigated and different molecular mechanisms, strictly related, appear to be involved [24] (Figures 1 and 2 ).
Effect of Gluten on Oxidative Stress
Some α-gliadin peptides, in particular P31-43 possess the ability to penetrate cells [25] [26] [27] . Thereby they are internalised by endocytic uptake [27] . Peptide P31-43 accumulation in lysosomes leads to activation of some signal transduction pathways and to increased levels of free radicals (reactive oxygen species, ROS and reactive nitrogen species, RNS) [28] (Figures 1 and 2 ). Thereby it has been assumed that oxidative stress is one of the mechanisms that can play a role in gliadin toxicity. Using different cell models, it has been reported that gliadin exposure reflects in an intracellular oxidative imbalance, characterized by an increase in the levels of lipid peroxidation products (4-hydroxy-2(E)-nonenal (4-HNE)), an increase in the oxidised (GSSG)/reduced (GSH) glutathione ratio and a decrease of protein-bound sulfhydryl groups [29] . Significant structural perturbations of the cell plasma membrane were also detected [24, 30] . The increase in oxidative damage could induce alterations of cell morphology [24] , cell proliferation, apoptosis [31] and cell viability [32, 33] . (Figure 1) . Figure 2 . Effect of gluten on oxidative stress and gene expression. Alteration in oxidative balance induced by gliadin peptides in enterocytes is involved in the activation of transcription factor NF-κB. NF-κB activation induces the transcription of pro-inflammatory cytokines and enzymes such as COX2 and iNOS with consequent higher production of prostaglandins and NO metabolites contributing to the oxidative stress. The increased oxidative stress is also involved in the down-regulation of PPARγ mediated by tissue transglutaminase (tTG). The down-regulation of PPARγ may contribute to NF-κB activation. NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; COX, cyclooxygenase; LOX, lipoxygenase; iNOS, inducible nitric-oxide synthase; PPARδ, peroxisome proliferator-activated receptors gamma; ONOO•, peroxynitrite; LOOH, lipid hydroperoxides; •OH, hydroxyl radical; H 2 O 2 hydrogen peroxide.
The relationship between oxidative damage and celiac diseases is supported by several studies on intestinal cells and circulating cells (Table 1) . Increased levels of prostaglandin E2 (PGE 2 ) were demonstrated in homogenized small bowel biopsy specimens from patients with active celiac disease [34] while the levels of the antioxidant enzyme glutathione peroxidase and reductase were decreased in biopsies from celiac disease patients with consequent decreased levels of GSH [35] [36] [37] ( Table 1 ). Several investigations reported that reactive nitrogen species such as nitric oxide (NO) also play an important role in the pathogenesis of celiac disease with enhanced NO. Inducible-nitric oxide synthase (iNOS) is constitutively expressed in human duodenal enterocytes; its activity is increased in patients with untreated celiac disease [38] [39] [40] and is partially corrected when patients are treated with GFD [41, 42] . High levels of NO are present in serum [43] [44] [45] [46] [47] and urine [48] [49] [50] of children with celiac disease and correlate with an increased expression of iNOS in the small intestine ( Table 1) . Table 1 . Alterations in the levels of markers of oxidative stress and of antioxidant enzymes in intestine biopsies, blood and urine from celiac subjects (↑ increase; ↓ decrease).
Intestine (intestinal biopsies)
↑ level of lipid hydroperoxides (LOOH) ↓ reduced glutathione (GSH) levels ↓ glutathione peroxidase (GPx) activity ↓ glutathione reductase (GR) activity ↑ superoxide dismutase (SOD) activity ↓ paraoxonase-1 (PON1) and paraoxonase-3 (PON3) expression ↑ inducible-nitric oxide synthase (iNOS) expression
Blood (plasma and blood cells)
↑ lipid hydroperoxides (LOOH) level in plasma ↑ thiobarbituric acid-reactive substances levels in plasma and lipoproteins ↑ carbonyl groups levels in plasma ↑ 8-hydroxyguanosine (8-oxodG) in DNA in leukocytes ↑ NO metabolite levels plasma ↑ nitrotyrosine levels in plasma ↓ reduced glutathione levels in plasma ↑ blood superoxide dismutase (SOD) activity ↓ blood glutathione peroxidase (GPx) activity ↓ blood glutathione reductase (GR) activity ↓ alpha-tocopherol levels in plasma and in erythrocytes ↓ plasma ascorbic acid levels ↓ plasma retinol levels Urine ↑ 8-hydroxyguanosine (8-oxodG) in DNA metabolite levels
An increase of markers of oxidative damage of lipids (thiobarbituric acid-reactive substances and lipid hydroperoxides), proteins (carbonyl groups) and DNA was demonstrated in intestinal cells and biological fluids [51] [52] [53] [54] of CD with respect to controls ( Table 1) . Changes in vitamin E and antioxidant enzyme activities were observed also in circulating cells and plasma of patients [49] [50] [51] [52] [53] [54] [55] (Table 1) . A decreased expression of the antioxidant and anti-inflammatory enzymes PON1 and PON3 mRNA was reported by Rothem et al. in intestinal biopsy of celiac patients [56] . The decreased antioxidant defenses may compromise the inflamed mucosa, rendering it more susceptible to oxidative tissue damage, hindering recovery of the mucosa and return of epithelial cell layer integrity.
Effect of Gluten on Gene Expression: Relationship with Oxidative Stress and Inflammation
Several studies have demonstrated that gliadin peptides are able to modulate gene expression in several cellular models [57, 58] . The increased levels of ROS is involved in the reduced degradation of tTG by the ubiquitine-proteasome system, thus leading to increased tTG protein levels in susceptible targets as coeliac mucosa. An uncontrolled activation of the ROS-tTG axis induced by P31-43 leads to down-regulation of PPARγ with a derangement of the appropriate control of inflammation [59, 60] (Figure 2) . A down-regulation of PPARγ in CD subjects is confirmed by proteomic analysis of duodenal biopsies from celiac subjects [61] . In fact PPARγ receptor produced by several cell types, including epithelial cells, negatively regulates inflammatory gene expression by -transrepressing‖ inflammatory responses and even by modulating oxidative stress [28, 59] . The increased secretion of inflammatory cytokines may, in turn, derange intestinal permeability and enhance the toxic effects of environmental triggers [57] . It has been hypothesized that the down-regulation of PPARγ may also contribute to NF-κB activation (Figure 2) . In celiac disease, pro-inflammatory cytokines, adhesion molecules, and enzymes whose gene expression is known to be regulated by NF-κB are involved [57, 62] . The synthesis of NF-κB and other transcription factors is dependent also on the intracellular redox state [63] and can promote synergistically transcriptional activity of pro-inflammatory genes [64] . In fact an increased expression of cycloxygenase-2 (COX-2), cytosolic phospholipase A2 (cPLA2) activity and IL-8 release in culture medium have been observed in cells incubated in the presence of gliadin peptides [58, 65] . Moreover, in IFN-γ-stimulated RAW 264.7 macrophages, gliadin increases iNOS gene expression through a mechanism involving NF-κB and other transcription factors (IRF-1 and STAT-1α) [57, 66] (Figure 2 ). An increased expression of several cytokines was observed in the epithelium of patients with active celiac disease [67, 68] . Moreover, as aforementioned, patients with active CD and those on a gluten free diet have significantly higher levels of proinflammatory cytokines in the plasma, such as INF-γ, interleukin (IL)-1β, tumor necrosis factor-α (TNF-α), IL-6 and IL-8 compared to no celiac subjects [69] .
The association between gluten, oxidative stress, gene expression and inflammation is supported by recent studies. The analysis of gene expression in small-bowel mucosal biopsy samples from untreated celiac disease patients using cDNA microarray has shown that about nine of 30 genes involved in cell signaling and differentiation were modified (receptor tyrosine kinase pathway starting from the epithelial growth factor receptor) with respect to control samples [70] . Using a three-dimensional epithelial cell differentiation model, it has been demonstrated that expression of about 29 genes is modified following the reaction to gluten. It has to be stressed that nine affected genes are involved directly or indirectly in the intracellular epidermal growth factor receptor (EGFR) signaling pathway. Therefore it has been hypothesized that a peptic tryptic digest of gluten and small gluten peptides elicits EGF-like responses on epithelial cells [71] . Removal of gluten from the ingested diet resulted in reversion in the transcription of 29 of 30 genes in the small-bowel biopsy samples.
Nutritional Genomics in Celiac Disease
Various dietary components including plant polyphenols, carotenoids and fatty acids, have the potential to modulate predisposition to intestinal chronic inflammatory conditions and may have a role in nutritional therapy of celiac disease [14, 72] . These components act through a variety of mechanisms including decreasing inflammatory mediator production through effects on cell signalling and gene expression, reducing the production of damaging oxidants and promoting gut barrier function and anti-inflammatory responses (Figure 3) . Figure 3 . Protective effect of phytonutrients on cytotoxicity of gluten peptides. Antioxidant vitamins (vitamin C and E), polyphenols and carotenoids from dietary vegetable food and oil, were absorbed by intestinal cells and could exert protective effects against toxic effects exerted by gluten peptides on intestinal cells.
Antioxidant Vitamins
Vitamin C and E are able to modulate immune responses in several ways, for instance by modulating leukocyte function and lymphocyte proliferation [73] . Vitamin C and E exert also antioxidant activity, and thereby modulate the inflammatory process. A decreased NF-κB activation with a consequent decreased release of pro-inflammatory cytokines (IL-8 and PAI-1) in the presence of vitamin E (particularly γ-tocopherol) has also been shown [74] . Bernardo et al. (2011) have recently reported that administration of vitamin C in small-bowel mucosal biopsy organ culture system prevents the augmented secretion IFN-γ, TNF-α, and IL-6 and increases the expression of IL-15 triggered by gliadin, suggesting that vitamin C supplementation might be beneficial for celiac patients [75] .
Phyochemicals: Polyphenols and Carotenoids
Fruit and vegetables contain several polyphenols and carotenoids that produce distinct biological effects on the intestinal epithelial cells. Polyphenols and carotenoids exert antioxidant and anti-inflammatory properties. A likely target for these compounds seems to be the signal transduction cascade leading to the activation of transcription factors such as NF-κB [76] [77] [78] . Flavonoids have anti-inflammatory activity through several action mechanisms involving the reduction in the concentration of prostanoids and leukotrienes through the inhibition of eicosanoid generating enzymes such as phospholipase A2, COX and LOX and the inhibition of iNOS induction and expression in different cell models [14, 78] . Also carotenoids are able to inhibit the expression of inflammation-related enzymes/proteins partly by suppressing activation of NF-κB, an effect potentially mediated by the inhibition of different protein kinases (e.g., mitogen-activated protein kinase; extracellular signal-regulated kinase) involved in signal transduction pathway [13, 77] .
Other authors have reported that lycopene, quercetin, and tyrosol decrease iNOS and COX-2 gene expression induced by gliadin in RAW 264.7 macrophages stimulated with IFN-γ [79] . The inhibition of iNOS and COX-2 gene expression occurred at transcriptional level by preventing NF-κB, IRF-1 and STAT-1α activation and was correlated with the inhibition of reactive oxygen species generation induced by gliadin and IFN-γ [79] .
Flavonoids such as epigallocatechin gallate, genistein, myricetin and quercetin have also a protective effect on intestinal TJ barrier function [80] . As aforementioned, the TJs have crucial roles in paracellular transport of gluten as well as in barrier function in the intestines. As reviewed by Suzuki et al. (2011) , flavonoids ameliorate intestinal TJ barrier dysfunction induced by oxidative stress and by inflammatory cytokines [80] . Quercetin has been reported to enhance intestinal TJ barrier function through the assembly and expression of TJ proteins. The change in phosphorylation status is responsible for the quercetin-mediated assembly of TJ proteins [80] .
Fatty Acids
Fatty acids can influence inflammation through a variety of mechanisms, including acting via cell surface and intracellular receptors/sensors that control inflammatory cell signaling and gene expression patterns [72] . Eicosanoids produced from n-6 fatty acids such as arachidonic acid (AA) have a pro-inflammatory role. Conversely, n-3 fatty acids such as eicosapentaenoic acid (EPA) gives rise to eicosanoids with anti-inflammatory properties [72] . An excellent example of nutrigenomics is the influence of n-3 fatty acids on gene expression. In particular n-3 fatty acids have been reported to inhibit the activation of the transcription factor NF-κB with consequent inhibition of pro-inflammatory cytokine production.; in contrast, saturated fatty acids, especially lauric acid (12:0), enhanced NF-κB activation in macrophages and dendritic cells [81] .
The effect of fatty acids on gene expression could be mediated also via fatty acid sensors or receptors such as PPARγ. In fact polyunsaturated fatty acids (PUFAs) and their derivatives are endogenous ligands for PPAR-γ and it has been demonstrated that PUFA-induced PPAR-γ is associated with a reduction in production of pro-inflammatory cytokines (TNF-α and IL-6) [82] .
As far as concerns celiac disease it has been demonstrated that the cytosolic phospholipase A2 (cPLA2)-dependent release of AA from the intra-epithelial lymphocytes after incubation with gliadin, contribute to lymphocytes cytolysis and to the immune response of celiac disease. Moreover, using a human intestinal epithelial cell line (Caco-2) exposed to gliadin peptides, it has been demonstrated that docosahexaenoic acid (DHA), a long chain n-3 PUFA, is able to counteract many of the proinflammatory effects of AA. In fact DHA prevented the AA release, cycloxygenase-2 expression, cPLA2 activity and prostaglandin E2 and interleukin-8 release in culture medium suggesting that DHA inhibits the AA release by these cells [83] .
Conclusions
Celiac disease is characterized by a complex interaction between genetic and environmental factors. The mucosal damage in celiac patients is considered to be induced by an interplay between innate and adaptive immune responses to ingested gluten. Developments in proteomics have provided an important contribution to the understanding of the biochemical and immunological aspects and the mechanisms involved in toxicity of prolamins. Inflammation and oxidative stress due to an increase of reactive oxygen species and a decrease of antioxidant defenses are involved in the molecular mechanisms of celiac disease. This in turn leads to uncontrolled activation of the redox-sensitive, pro-inflammatory transcription factors NF-κB, continued production of ROS and RNS and support of chronic inflammation.
Previous studies have demonstrated that several nutrients exert antioxidant effects and influence gene expression, therefore they represent a useful approach for nutritional intervention in CD subjects, as corroborated by recent in vitro studies that have demonstrated that phytonutrients (lycopene, quercitine, vitamin C and tyrosol) protect against the cytotoxic effect of gliadin. A protective effect has also been exerted by DHA.
To realize the usefulness of nutritional genomics as a tool for targeted medical nutrition therapy, further basic research, extensive epidemiological studies and controlled intervention trials are needed to investigate whether long chain unsaturated fatty acids , antioxidant vitamins , plant polyphenols and carotenoids modulate in vivo predisposition of chronic inflammatory conditions and thus have a role in the therapy of celiac disease.
